The oxyhydrogen reaction (the reduction of 02 to water by H2) in the presence of CO2 was studied in the isolated Chiamydomonas reinhardtii chloroplast by monitoring the rate of 14CO2 incorporation into acid-stable products in the dark. The endogenous rate of CO2 uptake (50-125 nmol/mg chlorophyll per h) was increased about 3-to 4-fold by ATP and additionally when combined with glucose, ribose-5-phosphate, and glycerate-3-phosphate. The rate was diminished 50 to 75%, respectively, when H2 was replaced by N2 or by air. Decrease in CO2 uptake by DL-glyceraldehyde was taken to indicate that the regenerative phase and complete Calvin cycle turnover were involved. Diminution of CO2 incorporation by rotenone, antimycin A, and 2,5-dibromo-3-methyl-6-isopropanolp-benzoquinone was attributed to an inhibition of the oxyhydrogen reaction, resulting in an elevated NADPH/NADP ratio. If so, then the diminished CO2 uptake could have been by "product inhibition" of the carbon metabolic network. Our data are consistent with the proposal (H. Gaffron [1942] 1 Gen Physiol 26: 241-267) that CO2 fixation coupled to the oxyhydrogen reaction is dependent to some extent on exchloroplastic metabolism. This support is primarily ATP provided by mitochondrial respiration.
The oxyhydrogen reaction in green algae adapted to a hydrogen metabolism, a process first noted and studied in depth by Gaffron (10) about 50 years ago, involves simultaneous uptake of H2 and 02 in the dark. Using Warburg manometric methods, he observed that the reductive assimilation of CO2 could be coupled to the oxyhydrogen reaction. Horowitz (12) used a mass spectrometer to monitor CO2 and 02 levels and observed that both cellular respiration and the oxyhydrogen reaction coupled to CO2 reduction had the same dependence on 02 concentration. The two investigators reached the conclusion that the oxyhydrogen reaction had some properties in common with respiration. Under oxyhydrogen conditions, the chemosynthetic reduction of CO2 is known to involve the Calvin cycle (photosynthetic reductive pentose-P cycle [3, 20] ). Gibbs et al. (11) proposed a mechanism involving considerable intracellular transport between mitochondrion and chloroplast to account for CO2 reduction. By monitoring the initial rates of H2, 02, and '4CO2 uptakes Supported by U.S. Department of Energy DE.FG02-86ER 13486. 2 Present address: N-212 Agricultural Science N, University of Kentucky, Lexington, and the effect of inhibitors on these rates with gas-sensing electrodes and isotopic techniques, Erbes and Gibbs (9) supplied additional evidence supporting the participation of respiration and the reductive pentose-P cycle of photosynthesis in the oxyhydrogen reaction coupled to CO2 fixation.
It also became quite clear that final judgment concerning the validity of this conclusion awaited separation of the algal cell into organelles, which could be investigated for their respective roles. Taking advantage of the method developed by Klein et al. (14) for isolating photosynthetically competent chloroplasts from Chlamydomonas reinhardtii, Maione and Gibbs (17) studied its hydrogenase-mediated activities. They found that the intact chloroplast after adaptation under N2 or H2 possessed the enzyme hydrogenase that could catalyze both the anaerobic evolution of H2 and the uptake of H2 in the presence of 1% 02. Their results demonstrated that the plastid not only contained a reversibly functional hydrogenase but also an adaptation system responsive to anaerobicity. The possibility of extra chloroplastic hydrogenase in the Chlamydomonas cell has received attention (19) . Inasmuch as the C. reinhardtii chloroplast can respire starch (16) and externally supplied glucose (7) through the oxidative pentose-P cycle and the upper reactions of glycolysis (13) coupled to an aerobic electron transport chain, it is possible that the necessary assimilatory power (ATP, NADPH) can be generated solely within the chloroplast. An Chl was determined spectrophotometrically by the procedure described by Arnon (2) .
RESULTS AND DISCUSSION
Glucose Respiration in Different Gas Phases Algal hydrogenase both in the intact cell and in extracts is inactivated by 02 (9, 10) . For the oxyhydrogen reaction to occur, a small and tolerable amount of 02 must be introduced into the gas phase. It is known that 1% 02 is suitable for the oxyhydrogen reaction in C. reinhardtii cells (17) . If chloroplastic respiratory metabolism is an integral part of the oxyhydrogen reaction, it became essential to determine whether respiration of an externally supplied carbohydrate can function in this microaerobic condition. Under 1% 02 and 2% 02, the rate of CO2 evolution from glucose was equivalent to that in air (Table I ). The strong inhibition of CO2 release from glucose under anaerobic conditions (N2 or H2) confirms the observation first noted in preparations of spinach chloroplasts (1).
Effect of Externally Supplied Substrates, ATP, and the Gas Phase on CO2 Fixation Coupled to the Oxyhydrogen Reaction Gaffron (10) reported that the manometrically measurable CO2 uptake in the oxyhydrogen reaction was strongly diminished when Scenedesmus cells were provided with glucose. Howoritz (12) confirmed the competitiveness between respiration in the presence of glucose and the oxyhydrogen reaction in algal cells. Both workers proposed that the energy (ATP) made available by the oxyhydrogen reaction is used up for the assimilation of glucose rather than for CO2 reduction. We were interested to see whether CO2 uptake in the chloroplastic oxyhydrogen reaction responded to externally added glucose as well as ribose-5-P and glycerate-3-P, two established compounds for 'priming' photosynthetic CO2 fixation in isolated chloroplasts. 12- mL bottles wrapped in aluminum foil carrying 0.3 mL of 2 M triethanolamine in a microcentrifuge tube suspended within each bottle. The bottles sealed with serum rubber stoppers were evacuated five to eight times with a water respirator and refilled with N2, H2, or air. To bring the O2 concentration to 1 or 2% in H2, 0.12 or 0.24 mL of 100% 02 was injected in bottles filled with H2. The reactions were initiated by injecting the chloroplasts (18.1 gg of Chl) through the septa to bring the reaction mixture to 1.0 mL. After the reaction was terminated by adding perchloric acid to a final concentration of 5% (v/v), the bottles were shaken slowly for an additional hour to allow the released 14CO2 to be absorbed totally by the triethanolamine. The triethanolamine was transferred into a scintillation vial containing 5 mL of Biodegradable Counting Scintillant (Amersham). Radioactivity was determined in a Beckman L5-150 liquid scintillation counter. Similar to results obtained with intact algal cells, glucose that does not affect photosynthetic reactions in isolated Chlamydomonas and spinach chloroplasts (data not shown) diminished CO2 uptake coupled to the oxyhydrogen reaction (Table II) . Ribose-5-P also inhibited, but glycerate-3-P enhanced, CO2 uptake.
Inasmuch as Gaffron (10) and Horowitz (12) speculated that glucose diminished CO2 fixation by utilizing ATP made available during the consumption of H2 and 02 by phosphorylation catalyzed by stromal hexokinase, we supplied ATP together with glucose. The relief of the glucose effect by ATP is consistent with their proposal. However, an explanation for the parallelism between glucose and ribose-5-P cannot be ascribed solely to consumption of stromal ATP because the phosphorylation of a pentose-P would generate ribulose-1,5-bisP and result in an increase rather than a decrease in CO2 fixation. Clearly, the ribose-5-P inhibition may include ATP utilization, but other factors are involved.
Glycerate-3-P, a compound that is transported within the chloroplast by the phosphate translocator, in contrast to glucose and ribose-5-P, stimulated the rate of CO2 fixation by 64% (Table II) . We propose that the conversion of glycerate-3-P to glyceraldehyde-3-P, which requires NADPH in addition to ATP, optimizes or 'poises' the NADPH/NADP ratio, resulting in a more rapidly functioning oxyhydrogen reaction and, in tum, accelerates the reductive pentose-P cycle. We proposed this on the basis that extemally supplied glycerate-3-P stimulates the respiratory evolution of 14CO2 from ['4C]glucose in the darkened Chlamydomonas chloroplast, presumably by regulating the NADPH/NADP ratio The stimulatory effect of the externally supplied substrates in the presence of ATP suggests a deficiency of intermediates of the reductive pentose-P cycle within the isolated chloroplast (Table II) . Documentation of the interconversion of these substrates into conventional intermediates of this reductive cycle in the Chlamydomonas chloroplast has been published (7). In the intact cell, the common source of the intermediates is apparently chloroplastic starch because CO2 fixation coupled to the oxyhydrogen reaction is diminished in starch-depleted cells (10) .
The reductive pentose-P cycle requires a ready supply of reduced pyridine nucleotide. In the oxyhydrogen reaction, we envisage direct reduction of NADP by H2 catalyzed by hydrogenase formed during adaptation of the intact chloroplast in H2 or N2 to a hydrogen metabolism (17) . Another potential source is the dissimilation of the externally added glucose by the two NADP-linked dehydrogenases of the oxidative pentose-P pathway. Substitution of H2 by N2 and by the complete removal of the anaerobic environment should partially or totally eliminate the contribution of the hydrogenase reaction. Inasmuch as replacement of H2 by N2 decreased and aerobically caused additional diminution in the rate of CO2 fixation when glucose and ATP were added externally (Table II) , we conclude that the supply of reduced pyridine nucleotide was restricting the tumover of the reductive cycle under these conditions. Therefore, to achieve the maximum rate of CO2 fixation in the darkened chloroplast, adaption to a hydrogen metabolism resulting in the oxyhydrogen reaction is essential to supplement the NADPH derived solely from the respiratory pentose-P pathway.
Effect of Inhibitors on CO2 Fixation Coupled to the Oxyhydrogen Reaction
So that the measurements with inhibitors were meaningful, the kinetics of CO2 fixation in an atmosphere of 1%02 and 99% H2 were determined up to 30 min (Fig. 1) . In contrast to photosynthetic CO2 fixation in the isolated C. reinhardtii chloroplast, which showed a lag of 3 to 6 min before the onset of a linear rate, CO2 fixation in the darkened chloroplast was characterized by an initial surge (0-3 min) followed by a linear rate up to 30 min. The rate but not the time course was affected by the addition of ATP and glucose.
In a recent publication, Singh et al. (22) Included in the reaction mixture described in "Materials and Methods" were chloroplasts containing 56.7 Mg of Chl, 10 mm NaH14CO3 (30 MCi), and where indicated, glucose, MgATP, DLglyceraldehyde, antimycin A, rotenone, and DBMIB. Antimycin A, rotenone, and DBMIB were dissolved in DMSO. The final concentration of DMSO in the reaction mixtures was 1%. After 15 min in a gas phase of 1% 02 and 99% H2, the reaction initiated by the addition of the NaH"4CO3 was carried out in the dark at 25°C. After 30 min, a sample of 0.2 mL was removed, and radioactivity fixed into acid-stable compounds was determined. antimycin A, and DBMIB3 diminished aerobic "4CO2 evolution from ['4C]glucose supplied externally with ATP to the darkened C. reinhardtii chloroplast. Inhibition was attribited to blockage of a pathway connecting NAD(P)H generated during glucose breakdown by the reactions of glycolysis and of the oxidative pentose-P pathway with 02. Because CO2 fixation in the presence of H2 is dependent upon 02 and also upon glucose and ATP, it was of interest to determine the effect of rotenone, antimycin A, and DBMIB on CO2 fixation coupled to the oxyhydrogen reaction.
CO2 fixation in the dark was inhibited by rotenone, which is known not to affect photosynthetic CO2 fixation, and by antimycin A and DBMIB (Table III) . These results implicate the turnover of reduced pyridine nucleotides produced either by hydrogenase utilizing H2 as substrate or by the dehydrogenase reactions of respiratory carbohydrate breakdown as a regulatory mechanism in CO2 fixation coupled to the oxyhydrogen reaction. The decrease in CO2 fixation may reflect an increase in the NADPH/NADP ratio, which in the presence of ribulose-1,5-bisP has been shown to inhibit glucose-6-P dehydrogenase (15) , resulting in a diminution of reductive pentose-P cycle intermediates derived from the externally added glucose. Furthermore, any glucose-6-P that passed through glucose-6-P dehydrogenase would accumulate because gluconate 6-P dehydrogenase is also subject to control by the elevated NADPH/NADP ratio. In turn, gluconate-6-P would decrease CO2 fixation because this compound is a potent inhibitor of ribulose-1,5 bisP carboxylase (4, 8) . Together with the high level of NADPH, the accumulated 3Abbreviation: DBMIB, 2,5-dibromo-3-methyl-6-isopropyl-pbenzoquinone.
ribulose-1,5-bisP would regulate glucose-6-P dehydrogenase by 'product inhibition.' Whereas in photosynthesis the reductive cycle is activated at high NADPH/NADP ratios (5), there is an inverse regulatory system in CO2 fixation driven by the oxyhydrogen reaction in the darkened chloroplast. Thus, ribulose-1,5-bisP and gluconate-6-P, neither of which is a metabolite, regulate the oxidative and reductive cycles.
Finally, we determined the effect of DL-glyceraldehyde on CO2 fixation. It apparently blocks regenerative activity, the conversion of triose-P (glyceraldehyde-3-P and dihydroxyacetone-P) into ribulose-1,5-bisP by affecting the transketolase reaction without any effect on partial reactions of electron transport, and photophosphorylation (23, 24) . Therefore, it comes nearest to what can be expected of a 'dark' inhibitor of CO2 fixation. CO2 fixation in our darkened chloroplasts utilizing the oxyhydrogen reaction was severely inhibited by Figure 2 . Proposed scheme to account for the assimilation of CO2 by the Calvin cycle coupled to the oxyhydrogen reaction involving the combined metabolism of chloroplast and mitochondrion. NADPH is formed in the chloroplast from hydrogen initiated by hydrogenase (H2ase) or from glucose or glucose-P derived from starch. Linkage of NADPH to 02 by a pathway including NAD(P)Hplastoquinone oxidoreductase (NAD(P)H-PQ OR) completes the oxyhydrogen reaction and presumably results in the generation of ATP. Ribose-5-P (R5P) and glycerate-3-P (PGA), products of starch breakdown, could enter the Calvin cycle or glycerate-3-P could be exported by the phosphate translocator from the chloroplast for cytoplasmic conversion to pyruvate. ATP generated by mitochondrial metabolism of the pyruvate is transported to the chloroplast. Availability of mitochondrial ATP is diminished by an excess of cytoplasmic glucose. C02 FIXATION COUPLED TO THE OXYHYDROGEN REACTION 10 mM DL-glyceraldehyde (Table III) . We interpret this observation to indicate that regenerative activity and complete cycle tumover occurred in our preparations.
The inhibitory properties of rotenone, antimycin A, DBMIB, and DL-glyceraldehyde were not reversed by the addition of glucose and ATP. The observations recorded in Table III reinforce the conclusion that inhibition of CO2 fixation was the result of 'product inhibition' of the reductive pentose-P cycle by ribulose-1,5-bisP or a high NADPH/ NADP ratio rather than the lack of ATP and reductant.
CONCLUSION
The highest rate of CO2 fixation coupled to the oxyhydrogen reaction in whole cells of C. reinhardtii is approximately 3 ,umol/mg Chl h (17) . Assuming the involvement of the Calvin cycle, the cell would have to provide ATP and NADPH at a rate of 9 and 6 tmol/mg Chl h, respectively. NADPH is not a pacesetter because the combined activities of hydrogenase and Fd-NADP reductase alone are in considerable excess of this value (17) .
An additional source of NADPH is carbohydrate breakdown through the oxidative pentose-P pathway. On the other hand, the maximum rate of ATP generation from chloroplast respiration deduced on the basis of 6 ATP per CO2 (3 ATP per NADPH formed from each dehydrogenase of the oxidative pentose-P pathway and coupled to 0.5 02) is at best 4 to 5 timol/mg Chl * h (6) . It would appear that cellular availability of ATP limits the chemosynthetically driven C02-assimilatory pathway. Mitochondrial respiration would seem to be the most likely source of ATP to compensate for the chloroplastic deficit.
A simplistic scheme to account for ATP traffic between the two organelles is shown in Figure 2 . Clearly, interference of the metabolic network by glucose supplied to the cell should result in a diminution of CO2 fixation. The entry of glucose into cellular metabolism requires ATP. Inasmuch as enzymic profiles have revealed that the bulk of hexokinase is extrachloroplastic (21) and indeed bound to the mitochondria (18) , the phosphorylating enzyme is well located to consume ATP generated by that organelle and, in turn, to inhibit CO2 fixation.
Finally, in contrast to some species of photosynthetic bacteria that can multiply in an atmosphere of H2 and CO2, the green algae have not been seen to divide while engaged in a hydrogen metabolic mode such as photoreduction and the oxyhydrogen reaction. Although these H2-consuming processes may be evolutionary relics in the photosynthetic eukaryotic cell, nevertheless, these metabolic patterns are certainly not less interesting.
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